The structure of GeO 2 glass was investigated at pressures up to 17.5(5) GPa using in situ time-of-flight neutron diffraction with a Paris-Edinburgh press employing sintered diamond anvils. A new methodology and data correction procedure were developed, enabling a reliable measurement of structure factors that are largely free from diamond Bragg peaks. Calibration curves, which are important for neutron diffraction work on disordered materials, were constructed for pressure as a function of applied load for both single and double toroid anvil geometries. The diffraction data are compared to new molecular-dynamics simulations made using transferrable interaction potentials that include dipole-polarization effects. The results, when taken together with those from other experimental methods, are consistent with four densification mechanisms. The first, at pressures up to ≃5 GPa, is associated with a reorganization of GeO 4 units. The second, extending over the range from ≃5 to 10 GPa, corresponds to a regime where GeO 4 units are replaced predominantly by GeO 5 units. In the third, as the pressure increases beyond ∼10 GPa, appreciable concentrations of GeO 6 units begin to form and there is a decrease in the rate of change of the intermediate-range order as measured by the pressure dependence of the position of the first sharp diffraction peak. In the fourth, at about 30 GPa, the transformation to a predominantly octahedral glass is achieved and further densification proceeds via compression of the Ge-O bonds. The observed changes in the measured diffraction patterns for GeO 2 occur at similar dimensionless number densities to those found for SiO 2 , indicating similar densification mechanisms for both glasses. This implies a
Introduction
Germania, or GeO 2 , is one of a family of 'strong' network glass-forming materials, which includes SiO 2 and BeF 2 [1] , whose structures under ambient conditions are based on a relatively open arrangement of corner sharing tetrahedral units with a large mean intertetrahedral bond angle 132 • [2, 3, 4, 5, 6, 7] . Significant structural changes occur with increasing density [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20] and the transformations in germania occur at lower pressures by comparison with silica, making them more amenable to study by different experimental techniques [10, 14, 21] . A prerequisite for understanding the mechanisms of network collapse, and the concomitant changes in the material properties, is unambiguous information on the density dependent structure.
Neutron diffraction has provided a pivotal role in unraveling the mysteries of glassy and liquid materials by providing information that is complementary to x-ray diffraction and, in particular, by enabling the full set of partial structure factors S αβ (Q) to be separated through application of the isotope substitution method [22] . These S αβ (Q) functions represent the maximum information on the pair correlation functions that can be extracted from a diffraction experiment in the small-sample limit and, for ambient conditions, they have been successfully measured for several key network glass-forming systems such as GeO 2 [23, 24] , GeSe 2 [25, 26, 27] and ZnCl 2 [28, 29] . Extraction of the partial structure factors does, however, require the measurement of accurate diffraction patterns and this is not an easy task for high-pressure investigations [13] where the sample size is necessarily small and unwanted scattering from the anvils of a press is generally large. Progress has been made in the case of anvils made from cubic BN where the large neutron absorption cross-section of the isotope 10 B helps to reduce the background scattering [17, 30, 31] . To achieve larger pressures it is, however, necessary to use anvil materials with a larger compression strength such as sintered diamond for which Bragg scattering and absorption edge effects are generally large, leading to severely contaminated diffraction patterns [32] .
In this paper ‡, new in situ neutron diffraction results are presented on the structure of GeO 2 glass at pressures increasing to 17.5 (5) GPa, thus covering a density range for which there is a substantial progression from a tetrahedral to an octahedral glass. The measured data sets are the highest quality ever obtained above ∼9 GPa, thus enabling a detailed comparison with molecular-dynamics simulations. The experiments were made using the Paris-Edinburgh (PE) press [35] with sintered diamond anvils mounted on the time-of-flight neutron diffractometer PEARL at the ISIS pulsed neutron source. By comparison with previous work [32] , the background scattering was reduced considerably by using improved collimation and shielding and a new data correction procedure was developed wherein the diffraction pattern measured for a sample at ‡ The protocol described in this paper for obtaining fully corrected structure factors for glasses at high pressures was erroneously stated to be solely the work of a subset of the present co-authors in Ref. [33] . The record is set straight in a corrigendum [34] , and the contributions of the various authors to the present work are outlined in the acknowledgments. a given pressure is normalized using the diffraction pattern measured for a piece of vanadium compressed to acquire the same geometry as the sample under investigation. In particular, this procedure leads to a first-order cancelation of Bragg peaks arising from the sintered diamond anvils of the press, thus allowing diffraction patterns for glasses and liquids to be measured reliably at pressures beyond 8.5 GPa where (single toroid) cubic BN anvils cannot be dependably used. The diffraction results are compared to new molecular-dynamics simulations made using transferrable interaction potentials that include dipole-polarization effects following the methodology described by Marrocchelli et al [36, 37] . The agreement found with experiment supports the occurrence of four densification mechanisms.
The manuscript is organized as follows. The essential theory is given in section 2, the experimental procedure is described in section 3 where pressure calibration curves are presented, and the molecular dynamics method is given in section 4. The new data-reduction method for the in situ high-pressure neutron diffraction experiments is then outlined in section 5. This is necessary because the scattering geometry and type of neutron diffraction experiment (time-of-flight pulsed source versus monochromatic reactor source) is different to previous work in which accurate structure factors were measured at pressures up to 8.5 GPa [17] , the sample-and-anvil geometry is complex, the geometry changes with pressure as the anvils close and the sample and its container deform, and it is not possible to make all of the necessary measurements for the datareduction at each pressure point. The results are presented in section 6 where, in order to check their veracity, a comparison is made with previous neutron diffraction data for GeO 2 glass taken at pressures up to 8.5 GPa [17] . The results are discussed in section 7 by reference to the findings on the pressure-induced transformations in germania from several diffraction [13, 17, 18] , spectroscopic [9, 16, 19] and other simulation [38, 39, 40, 41, 42] methods. A comparison is also made with the results obtained from diffraction experiments on SiO 2 glass at high pressures [15, 20] , and the geophysical implications of the results are briefly considered. Concluding remarks are made in section 8.
Theory
In a neutron diffraction experiment the scattered intensity containing structural information can be represented by the total structure factor [22] 
where α and β denote the chemical species, n is the number of different chemical species, c α and b α represent the atomic fraction and bound coherent scattering length of chemical species α, S αβ (Q) is a Faber-Ziman [43] partial structure factor and Q is the magnitude of the scattering vector. The coherent neutron scattering lengths for Ge and O are 8.185 (20) and 5.803(4) fm, respectively [44] . For an ionic material the Q = 0 limit of F (Q) is given by [45, 46] 
where the mean coherent scattering length ⟨b⟩ = ∑ α c α b α and the mean square coherent scattering length ⟨b 2 ⟩ = ∑ α c α b 2 α . The Q = 0 limit of the Bhatia-Thornton [47] numbernumber partial structure factor is given by S BT NN (0) = ρk B T χ T where ρ is the atomic number density, k B is the Boltzmann constant, T is the absolute temperature and χ T is the isothermal compressibility.
The corresponding real space information is provided by the total pair distribution function G(r) which is obtained from the Fourier transform relation
where r is a distance in real space. The partial pair distribution function g αβ (r) is related to S αβ (Q) by the Fourier transform relation
For r values smaller than the distance of closest approach between the centers of two atoms g αβ (r) = g αβ (r = 0) = 0 such that, within this low r region, G(r) = G(r = 0) = − ⟨b⟩ 2 . The mean coordination number of atoms of type β, contained in a volume defined by two concentric spheres of radii r i and r j centred on an atom of type α, is given byn
Experimental

Sample preparation
Glassy samples were prepared by first drying ≃5 g of GeO 2 powder (99.9999%, Alfa Aesar), contained in a Pt (10% Rh) crucible, for 2 h at 200 • C. The powder was then melted in air at 1600 • C for 20-30 min after which the crucible was placed on a liquid nitrogen cooled brass block and doused with liquid nitrogen. The crucible was subsequently warmed to room temperature using a heat gun, to avoid condensation of atmospheric water, and the clear glass was then removed as a single piece and stored in a desiccator. The high-pressure experiments used sintered diamond anvils having either a single or double toroid profile, where the latter facilitates access to higher pressures [48, 49] . Both geometries correspond to samples that have a cylindrical core with a spherical cap placed on each flat surface. The uncompressed sample volumes correspond to ≃91.2 mm 3 for the single toroid anvils and ≃33.7 mm 3 for the double toroid anvils. The GeO 2 samples for the single toroid anvil experiments were either in Figure 1 . The number density ρ and corresponding mass density for GeO 2 glass as measured on compression from the in situ studies of Hong et al [50] [(red) , no pressure transmitting medium], Smith et al [51] (•, 1:1 mixture of pentane and isopentane used as a pressure transmitting medium), Tsiok et al [52] (broken (blue) curve, 4:1 mixture of methanol:ethanol used as a pressure transmitting medium with a coated glass sample to avoid reaction with this medium) and Mei et al [18] (solid (green) • with vertical error bars, He pressure transmitting medium). The chained (orange) curve is drawn through the Hong et al [50] data points at higher pressures as a guide for the eye and the vertical arrows mark the approximate pressures where there is a change in the gradient dρ/dP . The inset gives the number density of vanadium ρ V as measured on compression from the in situ x-ray diffraction study of Nakamoto et al [53] at room temperature [(red) , He pressure transmitting medium].
the form of a pellet of pre-compacted finely powdered glass or in the form of a solid piece that had been ground to the correct geometry using a rotary tool and polished using diamond paste. The GeO 2 samples for the double toroid anvil experiments were in the form of solid pieces that had been shaped similarly. The pressure P dependence of the number density of GeO 2 glass, as obtained from several in situ studies [18, 50, 51, 52] , is shown in figure 1 . The density values used in the present work were taken from Hong et al [50] which are in accord with other studies for several extended pressure ranges. The data sets of Hong et al [50] , Smith et al [51] and Tsiok et al [52] all indicate an increase of the gradient dρ/dP at about 4-5 GPa and the data sets of Hong et al [50] and Mei et al [18] show a decrease of this gradient at ∼10 GPa. The inset to figure 1 shows the pressure dependence of the number density of vanadium [53] .
Neutron diffraction experiments
The high-pressure experiments were made at room temperature (≃300 K) using the time-of-flight diffractometer PEARL at the ISIS pulsed neutron source. The single and double toroid anvil experiments used a V4 or V3 variant PE press [35] which have piston areas of 100 and 102 cm 2 , respectively. The diffractometer views a liquid methane moderator at a temperature of 110 K and the incident and scattered flight paths are 12.6 and 0.6 m, respectively. A transverse scattering geometry was used (figure 2) in which the incident beam is directed along the compression axis through the anvil mounted on the breach of the press and the scattered beam is observed by 6 Li-doped ZnS scintillator detectors mounted at a scattering angle 2θ in the range 90±7 • . The transmitted beam passes through the second anvil mounted on the piston of the press. Background scattering was reduced by (i) collimating the incident beam using a BN and Gd tube arrangement, where the latter (a cylinder of outer diameter 3.5 mm and wall thickness 0.06 mm) is inserted into the anvil; (ii) by shielding the anvils with neutron absorbing Cd; and (iii), in the case of the single toroid anvil experiments, by inserting neutron absorbing Gd foil of thickness 25 µm between the gaskets and anvils. The background scattering was reduced further by using only those detector pixels encompassing a narrow scattering angle range of 2θ = 90±3.5 • . The sample position changes with the piston displacement upon increasing the applied load. For each pressure point, the press assembly was therefore moved using a motorized system to ensure that the sample was correctly centered in the diffractometer. For both the single and double toroid anvil geometries, the sample was contained within a standard annular Ti-Zr gasket assembly made from Ti 0.676 Zr 0.324 alloy which was chosen because it has an average coherent neutron scattering length of zero. The pressure on the sample was determined from the load L applied to these anvils by constructing calibration curves based on many neutron diffraction experiments using e.g. crystalline systems with a known equation of state in an otherwise identical setup. Such calibration curves are essential for neutron diffraction work on glasses and liquids because the inclusion of a pressure calibrant at the sample position, as used in xray diffraction work where high intensity beams can be tightly focussed, will give an undesirable contribution (e.g. Bragg peaks) to the measured intensities.
In the case of single toroid anvils it was found that the calibration curve depends on whether the samples are held in standard or encapsulated [54] Ti-Zr gaskets ( figure 3 ). For this anvil profile, the calibration curve for samples contained in standard Ti-Zr gaskets was deduced from (i) a run in which a pellet made from a 1:3 mixture of NaCl and glassy GeSe 2 was compressed in cubic BN anvils, a Rietveld refinement Figure 3 . Load L applied to the piston of a V4 or VX5 variant PE press versus the pressure P at the sample position for single toroid anvils at a temperature of ≃300 K. In (a) the data points are for standard Ti-Zr gaskets and correspond to (i) a calibration run using a mixture of NaCl and glassy GeSe 2 (•); (ii) measurement of the dimensions of recovered gaskets after various samples were compressed using different loads [(red) ]; and (iii) consideration of the diamond Bragg peaks measured when various GeO 2 glass pellets were compressed in sintered diamond anvils [(green) ]. In (b) the data points are for encapsulated Ti-Zr gaskets [54] and were obtained from the diffraction patterns measured for crystalline NiO (•), Fe 2 O 3 [(red) ] or Fe 3 O 4 [(green) ]. In (a) the solid calibration curve corresponds to the measured data points and the broken calibration curve corresponds to (b). In (b) the solid calibration curve corresponds to the measured data points and broken calibration curve corresponds to (a).
was made of the NaCl Bragg peaks, and the pressure was obtained from the NaCl equation of state [55] ; (ii) applying the procedure described in Ref. [17] where various samples were compressed by different loads using cubic BN anvils and the dimensions of the recovered gaskets were measured; and (iii) compression of GeO 2 glass pellets using sintered diamond anvils where a Rietveld refinement was made of the diamond Bragg peaks and the unit cell volume to pressure conversion was made on the basis of previous experiments on crystalline ice VII [56] . The calibration curve for samples held in encapsulated Ti-Zr gaskets was deduced from the diffraction patterns measured for crystalline NiO [30] [57] where a 4:1 deuterated methanol-ethanol pressure transmitting medium was used and the samples were compressed using cubic BN anvils.
In the case of double toroid anvils, the available data indicates similar calibration curves for standard and encapsulated Ti-Zr gaskets (figure 4). For this anvil profile, the calibration curve was deduced from (i) the diffraction patterns measured for the . These data points have been shifted downwards by 2 GPa but show the same P versus L behaviour as for the perovskite and ice samples i.e. although there is an uncertainty in the absolute values of the diamond Bragg peak data points from study (iii) (e.g. the anvils in standard and encapsulated gasket experiments may not be at the same position for the same applied load) their relative values are the same as for studies (i) and (ii).
perovskite CaSnO 3 held in encapsulated Ti-Zr gaskets with a MgO pressure marker [58] in a 16:3:1 mixture of deuterated methanol:ethanol:water; (ii) the diffraction patterns measured for crystalline ice held in encapsulated Ti-Zr gaskets; and (iii) a Le Bail analysis [59] of the Bragg peaks measured for sintered diamond anvils at different pressure points when various samples, contained in standard gaskets, were compressed. For the latter, the unit cell volume to pressure conversion was made on the basis of the perovskite experiment.
Molecular-dynamics simulations
The molecular-dynamics simulations of the glass were made using the so-called DIPole-Polarizable Ion Model (DIPPIM). In this model, the interaction potentials include dipole-polarization effects and were parameterized by using first principles calculations, and not by using empirical methods, with the aim of developing an accurate and transferrable description of the interactions, going beyond classical pairwise interaction potentials of limited accuracy [36, 60, 61, 62] . For a single set of parameters, the DIPPIM is the only model that gives a good account of both the structural and vibrational properties of GeO 2 glass at ambient pressure together with the dynamical properties of the liquid at elevated temperatures [36] . The simulations of glassy GeO 2 (T = 300 K) were performed using a system of 432 atoms within the NVT ensemble. A time step of 1 fs was used to integrate the equations of motion, and minimization of the polarization energy was carried out at each time step using a conjugate gradient method. The calculations were performed with an in-house code, called PIMAIM. The glass at ambient pressure was obtained by a procedure where GeO 2 was first liquified at high temperature (5000−10000 K) and a 1 ns long run was then made at 4000 K. The system was subsequently cooled down slowly to room temperature, with a cooling rate of ∼ 3.7 K/ps, which is nevertheless significantly faster than the experimental ones. The high-pressure states were then obtained by rescaling the cell lengths and particle positions to the new density, making a 1 ns long simulation to equilibrate the system and then another 1 ns run to accumulate enough statistics. This procedure is dubbed cold-compression, see Liang et al [63] . The timescale limitations associated with glass compression in the molecular-dynamics simulations §, a problem common to all standard simulation techniques, meant that the equation of state for GeO 2 glass was not reproduced [37] . The new simulations in the present work were therefore made with the density of the glass set at the experimental value used in the diffraction experiments. When necessary, a density to pressure conversion was made using the data of Hong et al [50] (figure 1). As shown below, this approach yields very good agreement with the experimental evidence.
High-pressure neutron diffraction data-reduction
To a first approximation, the collimation and shielding employed in the diffraction experiments leads to the scattering geometry shown in figure 5 where a cylindrical sample contained within an annular Ti-Zr gasket is illuminated by an incident beam which impinges on the flat face of the sample cylinder. Since the scattering angle is fixed at 2θ ≃ 90 • , the magnitude of the scattering vector is given by Q = (4π/λ) sin θ ≃ 2 √ 2 π/λ and was varied by changing the wavelength λ of the incident beam. In practice, the accessible scattering vector range was 1.55 < Q(Å −1 ) 19.6.
Let I E SC (Q) represent the intensity measured for the sample in its container and let I E B (Q) represent the corresponding background intensity, each normalized to the intensity of the incident beam. Then the measured intensity, corrected for background scattering, is given by
where a(Q) is a calibration coefficient which converts cross-sections to measured § Experimentally, glasses are also compressed at room-temperature, but they are allowed to equilibrate at the new pressure for much longer times, usually for minutes or hours i.e. there is a difference of ∼12 orders of magnitude with respect to the molecular dynmaics simulations. intensities, N S is the total number of sample atoms illuminated by the incident beam, A S,SC (Q) is the attenuation coefficient for scattering by the sample and attenuation by the sample and its container (see Appendix A), M SC (Q) is the multiple scattering cross-section for a sample in the presence of its container, and the differential scattering cross-section per sample atom for singly scattered neutrons is given by
In equation (7) the total structure factor F (Q) is given by equation (1) and the selfscattering cross section σ self is given by
where b inc,α and P α (Q) are the bound incoherent neutron scattering length and inelasticity correction for chemical species α, respectively. The calibration coefficient a(Q) for a given pressure can be obtained by replacing the sample by a piece of vanadium and by pressurizing so that it has the same geometry as the sample. Then equations (6) and (7) remain valid, provided the subscript S is replaced by V , such that
represents the intensity measured for vanadium in its container after correction for background scattering. The scattering from vanadium is predominantly incoherent i.e. b V ≃ 0 so that equation (7) reduces
. Equation (6) can then be solved to give
and it follows that 
and W (Q) were calculated using the dimensions of either the initial or recovered gaskets where the starting sample was in the form of either (a) a compressed powder or (b) a solid piece. The calculations were made for an incident beam of radius R B = 0.169 cm, sample radius R S of (a) 0.3 cm or (b) 0.2 cm and outer container radius R C of (a) 0.7335 cm (ambient), 0.9438 cm (8.5 GPa) or (b) 0.69 cm (ambient), 0.895 cm (17.5 GPa). The sample height h was 0.16 cm (ambient), 0.0532 cm (8.5 GPa) or 0.055 cm (17.5 GPa) and the number density of GeO 2 glass at the different pressures is given in table 1. The number densities used for vanadium [53] (see figure 1 ) and Ti 0.676 Zr 0.324 [17] were 0.0721 and 0.0511Å −3 (ambient), 0.0757 and 0.0536Å −3 (8.5 GPa) or 0.0794 and 0.0579Å −3 (17.5 GPa), respectively, where the chosen highpressure gasket densities are overestimates since they correspond to the pressure of the sample and not to a pressure between that of the sample and ambient. The scattering and absorption cross-sections used in the calculations were taken from Sears [44] .
To help assess the effect of the different correction factors on the measured dσ/dΩ| S function, and hence guide in the analysis of the measured data sets, the attenuation factors A S,SC (Q) and A V,V C (Q) were calculated using the procedure described in Appendix A for the geometry shown in figure 5 and the inelasticity corrections P α (Q) were calculated using the procedure described in Ref. [64] . An order of magnitude estimate of the multiple scattering cross-sections M SC (Q) and M V C (Q) was made using the procedure described in Ref. [65] . In these calculations the pressure dependence of the number densities of vanadium and Ti 0.676 Zr 0.324 were taken from Ref. [53] (see figure 1 ) and Ref. [17] , respectively. The results indicate that the contribution of M V C (Q) to W (Q) is small (1−2% depending on the geometry) and that X(Q) ≪ σ self /4π such that, at a given pressure point, equation (9) can be re-written as
For comparable sample and vanadium volumes it follows that
where ρ S and ρ V are the atomic number densities of the sample and vanadium, respectively. Typical examples of the functions A S,SC (Q), A V,V C (Q) and W (Q) for single and double toroid anvil geometries at both ambient and high-pressure are given in figure 6 . The results show that W (Q) is a weakly varying function of Q and is relatively flat at high Q values.
In our PEARL experiments, the intensity I E C (Q) was first measured for an empty uncompressed gasket (container) at ambient pressure where the beam radius is smaller than the inner gasket radius so that the latter is not directly illuminated. The intensity was then measured for the GeO 2 sample in its container I E SC (Q) at each pressure point as the glass was progressively compressed. Finally, the intensity was measured for a piece of vanadium in its container I E V C (Q) which was compressed to match the sample geometry at each pressure point. The bulk modulus at ambient pressure and temperature is 157.12 GPa for vanadium [66] and 24 GPa for GeO 2 glass [51, 67] . It is therefore anticipated that different loads will be required in order to achieve the same volume and scattering geometry for these materials. In practice, for each intensity I E SC (Q) measured for a given load, a smaller load was first chosen for vanadium. A short measurement of I E V C (Q) was made and the data were analyzed (see below). If necessary, the load on vanadium was then increased and the process repeated until the ratio of the background corrected intensities I SC (Q)/I V C (Q) was roughly constant at high Q values.
The data sets I E SC (Q) and I E V C (Q) measured for GeO 2 glass at the highest pressure point using single toroid anvils are shown in figure 7 (a), together with the background intensity I E C (Q) measured with an empty gasket under ambient conditions. In practice, the background intensities for I E SC (Q) and I E V C (Q) at each pressure point cannot be measured and they were taken to be scaled versions of I E C (Q) with Q independent scaling factors chosen to minimize the diamond Bragg peak intensities in the ratio figure 7(b) ). The geometry at each pressure point is uncertain and, on account of the anvil profiles, it does not correspond to a perfect cylindrical sample. Additionally, the scattering geometry used on the PEARL diffractometer means that the region Q ≤1.55Å −1 is not accessible to the diffraction experiments which is especially inconvenient at lower pressures since the diffraction patterns have a so-called first sharp diffraction peak (FSDP) at Q ≃ 1.5Å −1 [23, 24] . An iterative data analysis procedure was therefore developed using, as a starting point, the diffraction patterns measured over an extended Q range for which the FSDP appears in full [23, 24] . Manipulation of these data sets showed that it is necessary to make a plausible extrapolation of the (10)), where W (Q) is taken to be a Q independent scaling factor, and the solid light (red) curve shows the self-scattering limit σ self /4π calculated using equation (8) .
PEARL data sets to small Q values in order to ensure that the corresponding r space function has the expected small r behavior.
In the iterative data analysis procedure, W (Q) is taken to be a Q independent scaling factor which is chosen so that W (Q)I SC (Q)/I V C (Q) oscillates around the self-scattering limit σ self /4π as calculated using equation (8) (figure 7(c) ). The zeroth approximation for the total structure factor F (0) (Q) is then calculated by using equation (10) and the region for Q ≤1.55Å −1 is set to the Q = 0 limit as estimated e.g. from the sample compressibility (section 2). The corresponding total pair distribution function G (0) (r) is found using equation (3) and large amplitude features in G (0) (r), below the distance of closest approach between two atoms, are set to the calculated r = 0 limit (section 2). The resultant data set is then back Fourier transformed to give a revised total structure factor F (1) (Q). The low Q region of the latter is fitted with a Lorentzian function, since this often gives a good account of the FSDP [68, 69] , such that the fitted function passes through the expected Q = 0 limit. The revised F (1) (Q) function is then Fourier transformed to give G (1) (r), large amplitude features in G (1) (r) below the distance of closest approach between two atoms are set to the calculated r = 0 limit, and the resultant data set is back Fourier transformed to give a revised total structure factor F (2) (Q). The latter is then scaled, the small Q region is refitted with a Lorentzian and the entire procedure is re-iterated until, as far as possible, (i) the small r oscillations in the final G(r) function are of minimal amplitude and are symmetrical about the calculated limit G(0) = − ⟨b⟩ 2 and (ii) there is agreement between the final F (Q) function and the back Fourier transform of the final G(r) function after any large amplitude features below the distance of closest approach between two atoms are set to the calculated G(0) limit.
Results
The efficacy of our data correction procedure was tested by comparing the measured F (Q) functions for GeO 2 glass from several independent experiments where these are available for pressures 8.5 GPa. As shown in figure 8 , the results obtained from PEARL using either single or double toroid sintered diamond anvils are essentially free from diamond Bragg peaks and the F (Q) functions measured for these anvil geometries at ambient pressure or at 8.5 (5) GPa are in agreement within the statistical error. These data sets, and the F (Q) function measured using PEARL with single toroid sintered diamond anvils at 4.5(5) GPa, are in agreement with the F (Q) functions measured at similar pressures using the diffractometer D4C with a monochromatic incident beam at the reactor neutron source of the Institut Laue-Langevin [17] . In these D4C experiments a PE press with single toroid cubic BN anvils was employed in a different scattering geometry to PEARL, with the incident and scattered beams in the same plane, such that a different data analysis procedure had to be used. The maximum pressure that can be dependably achieved by using these single toroid cubic BN anvils is ∼8.5 GPa. The ambient pressure data sets are also in agreement with the F (Q) function measured for GeO 2 glass held within a standard vanadium container using a geometry in which the low angle detector banks on PEARL were accessible. This experiment gave access to small Q values, enabling the FSDP to be measured in full.
The full set of total structure factors F (Q), measured using PEARL with either single or double toroid sintered diamond anvils at pressures up to 17.5(5) GPa, is shown in figures 9 and 10. With increasing pressure, there is a reduction in height of the FSDP and a shift in its position to higher Q values, accompanied by an enhancement of the principal peak which also shifts position to higher Q values (table 1). In comparison, x-ray diffraction results for a similar pressure range also show a shift of the FSDP to Figure 8 . The total structure factor F (Q) as measured by neutron diffraction for GeO 2 glass at different pressures. The points with vertical (black) error bars show the results obtained by using the diffractometer PEARL with the PE press and single toroid sintered diamond anvils at ambient pressure, 4.5(5) and 8.5(5) GPa. The solid light (red) curves show the results obtained by using PEARL with the PE press and double toroid sintered diamond anvils at ambient pressure and 8.5(5) GPa. The broken dark (blue) curves show the results obtained by using the diffractometer D4C with the PE press and single toroid cubic BN anvils in a different geometry to PEARL at ambient pressure, 4.9(5) and 8.0(5) GPa [17] . The broken light (green) curve shows the result obtained at ambient pressure by using PEARL with the sample held in a vanadium container and mounted so that the detectors at scattering angles of ≃90 • and 20−60 • could all be used. The data sets for pressures larger than ambient are displaced vertically for clarity of presentation.
higher Q values but the principal peak, which is a notable feature at ambient pressure, merges with the FSDP and disappears at pressures 7.4 GPa [18] . This variation of behavior can be attributed to the different weighting factors for the partial structure factors in F (Q) for neutron and x-ray diffraction experiments, where the Ge-Ge, Ge-O and O-O weighting factors are in the ratio 0.1710:0.4851:0.3439 for the former and 0.4444:0.4444:0.1111 for the latter at Q = 0 [24] . For example, the sharpening of the principal peak in the F (Q) function measured by neutron diffraction with increasing pressure is likely to arise from an enhancement of the principal peak in S GeGe (Q) and/or S OO (Q) relative to the principal trough in S GeO (Q) (see figure 10 in Ref. [24] ).
The full set of total pair distribution functions G(r) is shown in figures 11 and 12. The first peak is attributed to Ge-O correlations [24] and the mean bond length and coordination number that it provides for the various pressures are listed in table 1. The results show a broadening of the first peak which shifts position to larger r values when the pressure exceeds a threshold value of ≃4.5 (5) GPa, accompanying a steady increase Figure 9 . The total structure factor F (Q) as measured for GeO 2 glass at different pressures using a PE press with single toroid sintered diamond anvils. The measured data sets correspond to the points with vertical error bars and the spline fits to these data sets are given by the solid (red) curves. The region Q ≤ 1.55Å −1 was not accessible in the diffraction experiments and the solid (red) curves within this region correspond to fitted Lorentzian functions (see the text). The broken (green) curves show the molecular dynamics results obtained by using the DIPPIM interaction potentials. The data sets are displaced vertically for clarity of presentation.
in the Ge-O coordination number fromn O Ge = 4.2(2) at 4.5(5) GPa ton O Ge = 5.5(2) at 17.5(5) GPa. This threshold corresponds to a pressure where there is an increase in the rate of change of the glass density with pressure (figure 1). As shown in table 1, the ratio r 2 /r GeO decreases with increasing pressure where r 2 is the position of the second peak in G(r). This is consistent with a decrease in the ratio of r OO /r GeO from the value of √ 8/3 = 1.633 expected for tetrahedral GeO 4 motifs to the value of √ 2 expected for octahedral GeO 6 motifs.
Discussion
Comparison with other experimental results
The FSDP is associated with intermediate-range order of periodicity given by 2π/Q FSDP , where Q FSDP is the peak position, and a correlation length related to the inverse of the peak width [69] . The pressure dependence of the FSDP position found from the present neutron diffraction work is compared in figure 13 to the results obtained from the in situ neutron diffraction experiments of Drewitt et al [17] and the in situ x-ray diffraction Figure 10 . The total structure factor F (Q) as measured for GeO 2 glass at different pressures using a PE press with double toroid sintered diamond anvils. The measured data sets correspond to the points with vertical error bars and the spline fits to these data sets are given by the solid (red) curves. The region Q ≤ 1.55Å −1 was not accessible in the diffraction experiments and the solid (red) curves within this region correspond to fitted Lorentzian functions (see the text). The broken (green) curves show the molecular dynamics results obtained by using the DIPPIM interaction potentials. The data sets are displaced vertically for clarity of presentation.
experiments of Guthrie et al [13] ∥, Hong et al [50] and Mei et al [18] . The individual data sets show a more-or-less linear increase of Q FSDP with pressure until a value of ∼10 GPa is reached, whereupon the gradient decreases. This pressure point also marks a decrease in the rate of change of the glass density with pressure ( figure 1) and it corresponds to a modification in the main features observed with increasing pressure in x-ray absorption near-edge spectroscopy (XANES) and extended x-ray absorption fine structure (EXAFS) spectroscopy experiments on GeO 2 glass [19] . A bifurcation of the pressure dependence of Q FSDP is also observed at pressures 8 GPa, with the x-ray diffraction data of Mei et al [18] giving larger peak positions at a given pressure by comparison with the present neutron diffraction data and the x-ray diffraction data of Guthrie et al [13] and Hong et al [50] . The reason for this discrepancy may lie with the fact that, unlike the other experiments, the x-ray diffraction work of Mei et al [18] was made using helium as a pressure transmitting medium to promote hydrostatic conditions. If the latter is responsible for the bifurcation then the behavior is in contrast ∥ The FSDP positions from Ref. [13] reported in figure 13 were taken either from the peak maximum in S(Q) or, at pressures > 7 GPa where the peak is not resolved, by identifying the leading edge of the FSDP and assuming the same width as the FSDP at 6−7 GPa. The positions differ from those reported in Ref. [18] . Figure 11 . The total pair distribution function G(r) for GeO 2 glass at different pressures as measured using single toroid sintered diamond anvils. The solid (black) curves were obtained by Fourier transforming the corresponding F (Q) functions given by the solid (red) curves in figure 9 and the broken (red) curves show the extent of the unphysical oscillations at r values smaller than the distance of closest approach between the centers of two atoms. The broken (green) curves show the molecular dynamics results obtained by using the DIPPIM interaction potentials. The latter were obtained by truncating the simulated F (Q) functions at the experimental value Q max = 19.6Å −1 and Fourier transforming. The data sets for pressures larger than ambient are displaced vertically for clarity of presentation.
to SiO 2 glass where He can enter voids in the network structure and thereby reduce the compressibility [70, 71] . Further investigations on the effect of He would be interesting because the behavior of the FSDP reflects the collapse of the intermediate-range order with increasing density and the bifurcation occurs at the start of a pressure regime where molecular-dynamics simulations predict the formation of octahedral GeO 6 units (see section 7.2). The pressure dependence of the Ge-O bond length and coordination number found in the present work are compared in figure 14 to the results obtained from other neutron and x-ray diffraction and EXAFS spectroscopy experiments [13, 16, 17, 18, 19] . The results show that the Ge atoms remain four-fold coordinated until a threshold pressure of ≃5 GPa is attained i.e. the density within this regime increases predominantly via a reorganization of corner sharing tetrahedral GeO 4 motifs [10, 17, 21] . At higher pressures the Ge-O bond length steadily increases as the coordination shell of germanium expands to incorporate a larger number of nearest neighbor oxygen atoms. The threshold pressure of 5 GPa also marks a change in the pressure dependence of the principal peak position figure 10 and the broken (red) curves show the extent of the unphysical oscillations at r values smaller than the distance of closest approach between the centers of two atoms. The broken (green) curves show the molecular dynamics results obtained by using the DIPPIM interaction potentials. The latter were obtained by truncating the simulated F (Q) functions at the experimental value Q max = 19.6Å −1 and Fourier transforming. The data sets for pressures larger than ambient are displaced vertically for clarity of presentation.
in the Raman spectrum of GeO 2 glass [50] . There is no indication of an abrupt change in the Ge-O bond length at pressures between 6.6 and 8.0 GPa, as reported in a previous EXAFS experiment [9] , nor of a plateau region between 6 and 10 GPa wheren O Ge ≃ 5 [13] . The majority of the experimental results illustrated in figure 14 (b) indicate that a pressure in excess of 18 GPa is necessary in order to form a fully octahedral glass for whichn O Ge = 6. Recent EXAFS results suggest that the latter is achieved when the pressure is about 30 GPa [19] .
Comparison with molecular dynamics results
As shown in figures 9-12, the molecular-dynamics simulations made using the DIPPIM interaction potentials (section 4) reproduce the main features of the measured F (Q) and G(r) functions although, at the highest pressure points, there is a tendency to underestimate the sharpness of the principal peak in F (Q) and the position of the first peak maximum in G(r). The molecular dynamics results do, however, show a growing asymmetry of the first peak in g GeO (r) with increasing pressure and the weighted Table 1 . Several parameters describing the pressure dependence of the structure of GeO 2 glass as obtained from neutron diffraction experiments using PEARL with either single toroid (ST) or double toroid (DT) sintered diamond anvils. The number density ρ of the glass [50] is given together with the position Q FSDP of the first sharp diffraction peak, the position Q PP of the principal peak, the Ge-O bond distance r GeO taken from the position of the first peak in G(r), the mean Ge-O coordination numbern O Ge , and the ratio r 2 /r GeO where r 2 is the position of the second peak in G(r). curve shows the molecular dynamics results obtained by using the DIPPIM interaction potentials taken from the first peak in F (Q) as calculated for neutron diffraction using equation (1) . the neutron diffraction data and there is a reduction in dQ FSDP /dP starting around 8 GPa ( figure 13 ). The pressure range from about 4.5 to 8 GPa corresponds to a mass density increase from about 4.25 to 5.02 g cm −3 and, according to the molecular dynamics results shown in the inset to figure 15(b) , this corresponds to a regime where the predominant conversion mechanism is from four-fold to five-fold coordinated Ge atoms. The occurrence in germania of GeO 5 units at pressures ≥ 5 GPa is supported by recent inelastic x-ray scattering experiments made at the oxygen K-edge [73] . For densities greater that 5.25 g cm −3 (P 10 GPa) six-fold coordinated Ge atoms start to appear in appreciable concentrations ( 10%). This picture for the densification mechanisms in glassy GeO 2 , indicated by the agreement found at the total structure factor level between the diffraction and molecular dynamics results, is supported by a comprehensive and quantitative structural investigation involving the method of neutron diffraction with Ge isotope substitution at pressures up to 8 GPa [74] .
In figure 15 , the density dependence of the Ge-O bond distance and coordination number from the molecular-dynamics simulations using the DIPPIM interaction potentials are compared with the results obtained from other simulations of GeO 2 glass using either molecular dynamics and the Oeffner-Elliott interaction potentials [38, 39, 40, 41, 72] or first principles molecular dynamics [42] . Often, the former do not give a self consistent view of the structure which is attributable, at least in part, to different parameterizations of the Oeffner-Elliott potentials [36, 37] . For example, Micoulaut and co-workers [38, 39] found that r GeO remains constant at 1.73Å as the density increases from ambient to 5.5 g cm −3 andn O Ge increases from ≃4.1 to ≃4.9 whereas Shanavas et al [40] found an almost linear increase of r GeO from 1.78 to 1.83Å as the density increases from ambient to 5.5 g cm −3 andn O Ge increases from 4 to ≃5.1. Both descriptions of the pressure dependence of the structure of GeO 2 glass are, however, in contrast with the experimental results ( figure 14) . In comparison, the first principles molecular-dynamics simulations of Zhu and Chen [42] , made using a system containing 108 atoms, found an elongated Ge-O bond length of 1.80Å at ambient pressure which increases to 1.81Å as the density is increased to 4.27 g cm −3 and which then increases rapidly to 1.89Å as the density is increased further to 5.4 g cm −3 . The mean Ge-O coordination number is, however, steady atn O Ge ≃ 4 as the density is increased to 5.4 g cm −3 but then increases rapidly to ≃5.8 as the density is increased to 5.66 g cm −3 . Again, this behavior is not observed experimentally ( figure 14) and might be a consequence of the very small number of simulated atoms. In summary, only those molecular-dynamics simulations made using the DIPPIM interaction potentials give a good account of the experimental results obtained for r GeO andn O Ge from several different experimental methods.
Density dependence of the structures of GeO 2 and SiO 2
Finally, it is of interest to compare the pressure dependence of the structures of GeO 2 and SiO 2 glass. Under ambient conditions both of these materials form networks constructed from corner sharing MO 4 tetrahedra with mean inter-tetrahedral M-O-M bond angles of 132(2) • [24] and 151 • [5] , respectively, where M denotes Ge or Si. With increasing density, SiO 2 is also converted from a tetrahedral to an octahedral glass, the changes occurring at higher pressures by comparison to GeO 2 [10, 14, 21] . As shown in figure 16 , the structural changes do, however, occur at similar scaled number densities ρr 3 MO , where ρ was taken from Ref. [50] in the case of GeO 2 or from Refs. [15] and [75] in the case of [38, 39] (solid (red) curves with circles), Shanavas et al [40] (chained dark (black) curves) and Li et al [41] (solid (black) curves with triangles) using the Oeffner-Elliott interaction potentials [72] , and the first principles molecular-dynamics simulations of Zhu and Chen [42] (solid dark (blue) curves). The vertical arrows mark the densities corresponding to 5, 10 and 15 GPa. The inset in (b) shows the density dependence of the fraction of GeO x species, where x = 4 (• ), 5 [(red) ] or 6 [(blue) ], calculated using the DIPPIM interaction potentials. anticipated e.g. SiO 4 units are expected to be replaced predominantly by SiO 5 units in a dimensionless number density regime for which the pressure ranges from about 15 to 24 GPa. These findings are in broad agreement with the molecular dynamics study of dense SiO 2 by Liang et al [76] and with a recent first principles molecular dynamics study by Wu et al [77] . X-ray Raman scattering (XRS) oxygen K-edge spectra show little change at pressures below 14 GPa and may be interpreted at higher pressures in terms of the formation of SiO 5 units [77, 78] . The appearance of SiO 5 units at pressures above 12 GPa has also been suggested on the basis of XRS silicon L-edge spectra [79] .
In figure 17(a) , the structure factor S(Q) measured for GeO 2 glass at ambient pressure by using neutron diffraction [23, 24] is compared to the S(Q) measured for SiO 2 glass at ambient pressure by using x-ray diffraction [80] . Here, the structure factors are defined by S(Q) = 1 + F (Q)/ ⟨b(Q)⟩ 2 where F (Q) is given by equation (1) Figure 16 . The dependence on the scaled number density ρr 3 MO of (a) the position of the first sharp diffraction peak Q FSDP in the measured total structure factor for GeO 2 or SiO 2 , (b) the bond distance r MO as deduced from the position of the first peak in the total pair distribution function where M denotes Ge or Si, and (c) the coordination numbern O M . In the expression ρr 3 MO the valuesr GeO = 1.73Å andr SiO = 1.60Å were used [23] . The neutron diffraction results for GeO 2 were taken from Ref. for an x-ray diffraction experiment on SiO 2 glass are in the ratio 0.2178:0.4978:0.2844 at Q = 0. Corresponding partial structure factors therefore receive similar weighting factors such that only large discrepancies between the neutron S(Q) for GeO 2 glass and the x-ray S(Q) for SiO 2 glass are likely to arise from substantial differences between the structures of these materials, as in the region of the FSDP at ambient pressure ( figure 17(a) ) [23, 24] . In figure 17(b 
Geophysical implications
Germania and germanates are often regarded as structural analogues of silica and silicates, where structural transformations in the former occur at lower pressures than in the latter, making them more amenable to study by in situ experimental methods [14] . For example, crystalline GeO 2 and SiO 2 can both exhibit the same sequence of pressure and temperature-driven structural transformations but, in the case of germania, these occur under less extreme conditions [81] . Accordingly, the pressure and temperaturedriven structural transformations in Mg 2 GeO 4 have been extensively investigated to study e.g. the phase transition between polymorphs with the olivine and spinel structures and the mechanical properties of these polymorphs [82, 83, 84, 85, 86] . The germanate Mg 2 GeO 4 is an analogue of fosterite Mg 2 SiO 4 which is the Mg rich member of the olivine solid solution series (Mg,Fe) 2 SiO 4 , important constituents of the Earth's upper mantle [87] .
The observed transformations for GeO 2 glass occur at similar dimensionless number densities to those found for SiO 2 glass, indicating e.g. a regime from about 15 to 24 GPa where SiO 4 units are replaced predominantly by SiO 5 units and a regime beyond ∼24 GPa where appreciable concentrations of SiO 6 units begin to form. As the glass can explore localities on an energy landscape that are inaccessible to the crystalline state, the behaviour we observe may give new insight into the atomic configurations of the compressed high-temperature liquid that are not accessible by crystallographic studies. This could have geophysical implications because silicates account for a significant proportion of the Earth's mantle, and structural changes that take place under highpressure and temperature conditions alter physical properties (e.g. the compressibility, thermal expansivity and viscosity) that govern magma related processes such as volcanic activity and the differentiation and evolution in composition of the planetary interior [88, 89] . Although planetary systems are substantially more complex than those studied here (in terms e.g. of chemical composition, temperature and oxygen fugacity), even relatively simple liquid silicates are difficult to probe by experiment [90] . As suggested by molecular dynamics simulations [91, 92] , the formation of SiO 5 species in these liquids is likely to have a substantial impact on the extent of network polymerisation and, thereby, the physical properties of the melt.
Conclusions
Neutron diffraction was used to measure the structure of GeO 2 glass at pressures up to 17.5(5) GPa with a PE press and sintered diamond anvils. The new methodology that has been developed leads to corrected diffraction patterns that are largely free from diamond Bragg peaks and its validity has been verified by comparison with the data available from other neutron diffraction experiments at pressures up to ≃8.5 GPa. The neutron structure factors thus obtained are the highest quality ever measured above ∼9 GPa which offers the opportunity for studying the detailed structure of glassy and liquid materials by using neutron diffraction over an elevated range of pressures.
The new diffraction and molecular dynamics results for GeO 2 glass are consistent with the existence of four principal densification mechanisms. At pressures up to a threshold of ≃5 GPa the density increases through a change in the connectivity of GeO 4 tetrahedra [17] . At pressures beyond this threshold, there is a steady increase in the Ge-O bond length and coordination number in contrast with an early EXAFS study [9] but in agreement with more recent neutron and x-ray diffraction and EXAFS experiments [16, 17, 18] . The rate of change of the intermediate-range order, as measured by the pressure dependence of Q FSDP , decreases once the pressure exceeds ∼10 GPa and the Ge-O coordination numbern O Ge > 4.5. According to the molecular dynamics results obtained by using the DIPPIM interaction potentials, the pressure range from 5 to ∼10 GPa corresponds to a regime where GeO 4 units are replaced predominantly by GeO 5 units and, at pressures beyond ∼10 GPa, appreciable concentrations of GeO 6 units begin to form. The occurrence of GeO 5 units at pressures ≥ 5 GPa is supported by recent inelastic x-ray scattering experiments [73] and by a detailed structural investigation using the method of Ge isotope substitution in neutron diffraction [74] . Eventually, at about 30 GPa, the transformation to a predominantly octahedral glass is achieved and densification proceeds via compression of the Ge-O bond [19] . The onset of two of these densification regimes correspond to observable changes in the pressure dependence of the bulk number density of the glass ρ which shows an increase in dρ/dP at ≃5 GPa followed by a decrease in dρ/dP at ≃10 GPa (figure 1) .
The observed transformations for GeO 2 glass occur at similar dimensionless number densities to those found for SiO 2 Figure A1 . A cut in the X-Y plane taken through the sample and gasket assembly perpendicular to an incident neutron beam which lies parallel to the Z axis. The cut is of thickness dz at a distance z below the illuminated top surface of the sample and the incident beam impinges on an element of sample with volume dV = dxdydz that forms part of a strip of width dy at y. The beam, sample and outer container radii are denoted by R B , R S and R C , respectively, and the intercepts of the strip with these radii correspond to X axis values of x B , x S and x C , respectively. The intercepts define angles of θ B , θ S and θ C relative to the Y axis.
on a cylindrical sample of radius R S > R B and height h contained within an annular container (or gasket) of outer radius R C > R S and height h such that Z is the axis of symmetry and the scattered beam lies in the X-Y plane ( figure A1 ). Let the origin of coordinates lie at the center of the illuminated top surface of the sample and consider a thin strip in the X-Y plane at a depth z where the width of the strip is dy at y and its thickness is dz. By reference to figure A1, y = R B cos θ B , x S = R S sin θ S and, since cos θ S = y/R S = R B cos θ B /R S and cos 2 θ S + sin 2 θ S = 1, it follows that
Similarly, x C = R C sin θ C and, given that cos θ C = y/R C = R B cos θ B /R C and cos 2 θ C + sin 2 θ C = 1, it follows that
Consider the scattering from an illuminated element of the sample within the strip which has a volume dV = dxdydz. Let µ S and µ C be the attenuation coefficients of the sample and container, respectively, and let ρ S be the atomic number density of the sample. Then, if the single scattered intensity per sample atom is I S (Q), the observed intensity from the illuminated volume element is given by In the absence of attenuation the total intensity for single scattering from the sample would be given by where the Q dependence arises because the attenuation coefficients µ S and µ C depend on the incident wavelength λ and, for the scattering geometry, Q ≃ 2 √ 2π/λ. In the small-sample limit when µ S → 0 and µ C → 0, sinh(µ S R S sin θ B ) → µ S R S sin θ B and the attenuation coefficient A S,SC (Q) → 1 as required.
